Abstraet--Ethylenediarnine (EDA) adsorbed from aqueous solution or vapor phase on AI-, Ca-and Mg-montmorillonite was retained to a more or less large extent in protonated form. The NH~ :NH2 ratio decreased with the polarizing power of the mineral exchange cation (A1 > Mg > Ca) and with increasing amounts of amine fixed. Excess EDA was adsorbed through hydrogen-bonding with protonated species, and partially through co-ordination in vapor treated samples. Co-ordination to the exchangeable cation seemed to be favored in the order AI < Mg < Ca, and the complexes were stable up to 200~ Heating lowered the NH~-:NH2 ratio, indicating some deprotonation process caused probably by the competition for protons between EDA and hydrolysed exchange cations. This competition might also account for the rather low quantities of NH2 produced near 200~
INTRODUCTION
After the invesngation on the interactions between EDA and Na-. Li-and K-montmorillonite (Laura and Cloos. 1975) , it was natural to extend our study to the adsorption of EDA on montmorillonite saturated with cations of higher valency, i.e. Cag+, Mg z+ and A13 +. The polarizing power as well as the co-ordinating ability of these cations are higher than those of alkali cations. Hence. it was expected that the competition between protonation and co-ordination should be harder. It seemed also plausible that the degree of exchange between the multivalent mineral cations on the clay surface and EDAH + in aqueous suspension should be lower and that the stability of EDA co-ordinated with these cations should be higher than in the Na-, Li-and K-clay systems. These predictions were largely confirmed by experimental evidence.
MATERIALS AND M_ETHODS
Homoionic samples of Camp-Berteau montmorillonite (Morocco) were prepared and EDA was adsorbed from aqueous solution or from vapor phase as described earlier Cloos. 1970. 1975; Cloos and Laura. 1972) . The effects of the adsorption procedure, of washing with distilled water and of outgassing in vacuum at increasing temperatures on the degree of adsorption and on the nature and stability of the amino-clay complexes were studied * All correspondence should be addressed to Dr. P. Cloos. Laboratoire de Physico-Chimie Min6rale. Place Croix du Sud 1. B-1348 Louvain-la-Neuve. Belgium. by chemical analysis, i.r. spectroscopy and X-ray powder diffraction on oriented clay films. The techniques used for the determinations of A1, Ca, Mg and N were the aluminon method (Chariot and B6zier, 1955) , atomic absorption and micro-Kjeldahl, respectively.
RESULTS

Chemical analysis
The data of Table 1 show that appreciable nitrogen loss occurred only in samples 3unw, probably through evaporation during film preparation. A1-montmorillonite behaved like H-montmorillonite (Cloos and Laura, 1972) : EDA added in amounts not exceeding the C.E.C. was completely retained Isamples 1 and 2, w and unw), whereas amine added in excess of the C.E.C. was partially resistant to washings with distilled water (sample 3 w). In Ca and Mg-montmorillonite the N content after washing remained far below the C.E.C. and was systematically higher with Mg 2+ than with Ca 2 § In general, the amounts of mineral cations released into the equilibrium solution and washings were lower than the quantities of EDA fixed by the clay. Similar observations were made by Heller-Kallai et al. (1973) .
Vapour treated clay films ( Fig. 1 ) adsorbed EDA in quantities compatible with a monomolecular layer in the interlamellar space (Servais et al, 1962) . Heating at 120~ in vacuum lowered their N content to the retention level of samples 3 unw. Beyond that temperature all the systems evolved in the same manner xrrespective of the exchangeable cation and of the adsorption procedure. Nitrogen retained at 186~ was still largely in excess of the C.E.C. 343 Total  solution  washings  recovered   52  46  0  0  46  I04  95  3  2  100  300  141  111  33  285  52  51  104  93  300  248   52  10  37  6  55  104  11  79  I0  100  300  16  265  19  300  52 
X-ray data
The X-ray powder diffraction data are summarized in Table 2 The X-ray data of vapor treated clay films did not differ much from those of the corresponding samples 3 unw.
l.r. data
The various EDA-Al-montmorillonite systems gave rise to i.r. spectra (Figs. 2 and 3 ) which are nearly identical with those of the corresponding EDA-H-and EDA-EDAHa-montmoritlonite samples (Cloos and Laura, 1972)*. Nevertheless, a few significant differences must be pointed out:
(a) As dehydration was progressing, specimens containing less than 100 m-equiv. N/100 g (lw, 2w, 1 unw and 2 unw) developed weak NH: absorptions near 3362, 3236 and 1595 cm -1, apparently at the expense of the vNH~ (3175cm -1) and 6NH~-asym. (1617 cm-1) vibrations (Fig. 2a, b and c ). showing features much similar to those of the corresponding EDA-Al-montmorillonite samples, but indicating a lower NH~-:NH2 ratio. This is illustrated by Fig. 4 , representing the i.r. spectra of sample 3 unw of EDA-Mg-montmorillonite: the b'NH~-asym. band near 1637 cm-1 was largely overlapped by the 1600 cm-1 6NH2 sci. vibration, and the well pronounced vNH2 asym. absorption at 3362 cm-1, enhanced upon heating, persisted at 200~ The absence of a prominent absorption in the 2500 cm-1 region probably reflects a lower degree of hydrogen-bonding between protonated and unprotonated EDA than in the Al-system, whereas a broad diffuse absorption in the 1400 cm-1 region, observed for all the unwashed samples of EDA~Ca-and EDA-Mg=-montmorillonite, might be due to the formation of carbonates. Evacuated Ca-and Mg-clay films exposed to EDA vapor showed still less i.r. evidence for NH~-( Fig.  5a and a' ). Only a medium stretching band (3175 cm-1) and no distinct deformation bands (near 1538 and 1637 cm-1) were visible. The NH2 stretching vibrations appeared as a well resolved doublet at 3362 and 3300 cm-1, and the 6NH 2 sci. band was very strong. For the Ca-system it was sharper and located at a higher frequency (1603 cm -1) than for the Mgsystem (1595 cm-1). Exposure to air humidity for one month caused a shift of this band to 1597 resp. 1590 crn-1 and a general decrease of the NH 2 and CH2 vibrations, reflecting the desorption of physically adsorbed amine (Fig. 5b and b' ). Simultaneously, bands developed near 1520cm -1 (6NH~-sym.) and 1637 cm-1 (6H20 and &NH~ asym.) and the absorption centered on 2500 cm -1 was enhanced, indicating more extensive protonation and hydrogen-bonding. The 1637 and 2500 cm-i absorptions were stronger and more resistant to heating with Mg 2+ than with Ca 2 § (Fig. 5c, d , e, c', d' and e'). The CH 2 "twisting band near 1280 cm-1 visible in both systems, was hardly affected by exposure to air in EDA-Ca-montmorillonite, whereas in EDA-Mg-montmorillonite it disappeared. It reappeared when on heating the 2500 and 1637 cm-1 absorptions vanished progressively. At 200-250~ the NH2 stretching and scissoring bands remained quite prominent and well resolved (Fig. 5f , g, f' and g'). The 6NH4 + absorption developing at 1429 cm-1, was only of weak to moderate intensity. 
DISCUSSION
It is clear from the i.r. data that in all the systems investigated EDA was protonated to a more or less large extent. The relative intensities of the NH~-and NH2 bands indicate that the NH~-:NH2 ratio decreased in the order A13+ > Mg 2+ > Ca 2+ as does the polarizing power of these cations. For a given cation the proportion of NH2 groups increased with the amounts of EDA adgorbed from aqueous solution, and was largely predominant in the films exposed to EDA vapor.
Washed systems
In the washed systems the degree of adsorption differed greatly with the nature of the exchangeable cation (Table 1) : It was maximal in Al-montmorillonite, the suspension of which is acidic because of the hydrolysis of hydrated A13 § : AI(H20)~ + .~ AI(OH).(H20)~3_-. ")+ +nH +. (1) (n= 1,2or 3) It is obvious that in these conditions EDA is protonated through a proton transfer process and, according to its K B ~ and K B 2 values, the prevailing species at the suspension pH of samples 1 and2 is EDAH~ § (Cloos and Laura, 1972) . I.r. data confirm this, but they indicate by the development of NHe bands (Fig. 2a, b and c) that on moderate heating some deprotonation occurred. A back-transfer of a proton from one of the ammonium functions of EDAH22+ to a neighboring hydrolysed AI 3+ ion might explain this observation: (mont.~2 EDAH/+ (mont. ,u. It has been shown that drying an EDA-Na-montmorillonite suspension without removing the stronger base NaOH, formed during the adsorption process, causes almost complete deprotonation of the amine fixed in cationic form (Laura and Cloos, 1975) . The equilibrium pH and the i.r. spectra of sample 3w (Table 1 and Fig. 2d , e and f) are consistent with the predominance of the monoprotonated species EDAH +. The quantities of N retained and of A1 released as AI(T 2 into the alkaline liquid phase suggest that not all of the exchange sites were saturated with organic cations. Part of them were occupied by mono-or polymeric hydroxy-aluminum cations (Heller-Kallai et al., 1973) , acting as proton acceptors at higher temperatures.
In the suspensions of montmorillonite saturated with Ca 2 § and Mg 2 § EDAH § ions introduced with the aqueous EDA solution were adsorbed through an ion-exchange process. As expected, they competed on a less favorable basis with the alkaline-earth than with the alkali cations (Laura and Cloos, 1975) . This is reflected by the low adsorption levels (Table 1) which are also consistent with the fact that montmorillonite has a higher selectivity for Ca 2 § than for Mg 2 § Released Ca 2+ and Mg 2 § ions formed the respective hydroxides in the alkaline liquid phase. The low solubility of Mg(OH)2 at the equilibrium pH might be responsible for the discrepancies between the quantities of Mg determined in the equilibrium solution and the amounts of EDA retained on the clay. This explanation is not valid for the EDA~2a--clay samples because Ca(OH)z is quite soluble between pH 10 and 11. As for A1, Heller-Kallai et al. (1973) admit the formation and interlamellar "fixation" of mono-or polymeric hydroxy cations. Another process contributing most probably to the insolubilisation of exchanged Ca z+, is the transformation of Ca(OH)2 into CaCO 3 by CO: dissolved in the distilled water used for washing. Carbonation of Mg(OH)z cannot be excluded, but is less probable.
MgCOa as well as Mg(OH)2 below pH 10"5 is more soluble than CaCO3, which might account for the removal of more Mg than Ca by washing.
For EDA-Na-, Li-and K-montmorillonite it was inferred from chemical and spectroscopic data that EDAH § initially fixed was protonated to EDAH 2 § on washing through the dissociation of water molecules near the clay surface (Laura and Cloos, 1975) . The same interpretation seems reasonable in the present case, although it is substantiated only by the chemical data of sample lw and by the i,r, spectra of sample 3w of EDA-Mg montmorillonite. Because of the partial insolubilization of the alkaline-earth cations it was impossible to establish an accurate balance between the amounts of mineral cations released and of organic cations adsorbed. However, the relatively large quantities of N removed by washing suggest that some additional mechanism was involved here. It is conceivable that alkaline--earth hydroxides and/ or hydroxy cations, remaining in the system, compete for protons with EDAH § ions. Regenerated Ca z+ ,Qbsorbonce Fig. 5 . I.r. spectra of Ca-montmorillonite (a) and Mgmontmorillonite (b) exposed to EDA vapor. Outgassed 3hr just after the exposure (a, a'); left to air humidity for one month, then outgassed for 3 hr successively at 25~ (b, b'), 80~ (c, c'), 120~ (d, d'), 160~ (e, e'), 200~ (f, f) and 250~ (g, g').
and Mg 2+ ions might then reoccupy a certain number of exchange sites and displace the organic cations adsorbed during the first step. Russell (1965) invokes a similar mechanism to explain the decrease in NH + in NH3-treated Ca-and Mg-montmorillonite exposed to air.
Unwashed and vapor treated systems
For samples 1 unw and 2 unw of EDA-Al-montmorillonite the adsorption mechanism was obviously the same as for their washed homologs. There is i.r, evidence that in sample 3 unw (Fig. 3a'~c' ) protonated and unprotonated EDA were associated through hydrogen-bonding like in the corresponding EDA-Hand EDA-EDAH/-systems (Cloos and Laura, 1972) . The spectrum of Al-montmorillonite exposed to EDA vapor (Fig. 3a) is reminiscent of that obtained by Farmer and Mortland (1965) for ethylammonium montmorillonite after adsorption of ethylamine. It would seem the symmetrical hydrogen-bonding of EDA molecules sharing protons could be invoked here. The development of a 6NH~-sym. band at 1538 cm-t after heating ( Fig. 3b and c) could then be interpreted as reflecting the transformation of symmetrical into asymmetrical hydrogen-bonds. It is also possible that at ambient temperature the 6NH~-sym. band was simply overlapped by the broad NHz scissoring vibration near 1595 cm-1, containing an important contribution from less strongly held amine, which was removed on heating at 120~ (Fig. 1) . After this removal the NH2 bands (3356, 3268 and 1595cm -1) remained strong and sharp (Fig. 3b) . This feature and other spectral similarities with EDA-Cu-montmorillonite (Laura and.Cloos, 1970) , i.e. the relatively low 6NH2 sci. frequency and the 1290 cm-1 band, suggest that EDA adsorbed from the vapor phase was partially retained through co-ordination. The same was probably the case, but to a lower extent, for EDA adsorbed in excess of the C.E.C. from aqueous solution (sample 3 unw). Since A13 § retains its hydration water tenaciously, hydrogen-bonding of EDA with co-ordinated water molecules is a supplementary retention mechanism. In fact, the broad absorption in the 2500 cm-1 region is compatible with N...H-N + as well as with N... H-O associations.
The i.r. evidence for the presence of protonated EDA in unwashed and vapor treated EDA-Ca-and EDA-Mg-montmorillonite (Figs. 4 and 5) contrasts with what was observed on the corresponding samples saturated with alkali cations (Laura and Cloos, 1975) . The alkaline-earth cations being more polarizing and their hydroxides less basic than the alkali homologs, it seems reasonable that protonation of the amine through dissociation of residual water was stimulated in the presence of Ca 2+ and Mg 2+ and that deprotonation hardly occurred on air-drying. However, the enhancement of NHz bands at increasing temperatures indicates that in more dehydrated conditions some deprotonation took place as in the washed systems. Comparing the intensities of the 6NH~ bands (1429 cm-1) developing at 200~ in the unwashed systems, it is found that they are highest for EDA-H-and EDA-EDAH2-montmorillonite where no metal hydroxides were present, lowest in Na-, K-and Li-saturated clay and intermediate when the exchangeable cations were A13+, Ca 2+ and Mg / 4. This observation supports the idea that in the presence of metal cations there is a competition between protonation and deprotonation, the issue of which depends on the relative basicities of the respective metal hydroxides.
For EDA adsorbed from the vapor phase on Caand Mg-montmorillonite, physical adsorption and co-ordination of the exchangeable cation seem to be the dominant binding mechanisms. This conclusion is suggested, as for the Al-systems, by the sharpness of the NHz bands, the low 6NH2 sci. frequency, the relative weakness of the NH~ absorptions and the presence of a CH2 twisting vibration near 1280 crn-1 ( Fig. 5a and a' ). The rapid loss of water and decrease of the 2500 cm-1 absorption on outgassing the EDACa-montmorillonite at increasing temperatures (Fig. 5c-e) is interpreted as indicating direct co-ordination of EDA with Ca 2 +, which is further substantiated by the persistence of the 1282 cm-1 band. The disappearance of this band in the hydrated EDA-Mg-system, the prominence of the 1637 and 2500 cm-1 absorptions and their relative resistance to heating (Fig.  5b '-e') lead to the assumption that EDA was retained on Mg 2+ preferentially through indirect co-ordination, i.e. hydrogen-bonding with co-ordinated water molecules. At higher dehydration levels direct co-ordination became progressively prevailing. This is reflected by the re-development of the 1284 cm-1 band in connection with the decrease of the 1637 and 2500cm -1 absorptions and the sharpening of the vNH2 vibrations.
From the spectroscopic data of the vapor treated systems (Figs. 3 and 5) it can be inferred that the co-ordinating affinity of the exchangeable cations for EDA increased in the order AI<Mg<Ca. As far as direct and indirect co-ordination are concerned, Caand Mg-montmorillonite behaved like K-and Namontmorillonite respectively, but the thermal stability of the complexes formed was higher and comparable to that of EDA-Cu-molatmorillonite. In spite of their high hydration energies, Ca 2+ and Mg 1+, like Cu 2+ lost water more easily than Li + and Na +. The greater ability of the alkalin~earth cations, as compared to the alkali ones, to co-ordinate with nitrogen is, responsible for this behavior.
Decomposition of the complexes started in the 200-250~ range. The appearance of weak bands near 3534 ( Fig. 5f and g ) and 3472 cm-1 (Fig. 5f ' and g') shows that a certain proportion of the saturating Ca 2 § and Mg 2 § cations has lost co-ordinated EDA, and were again free to interact with lattice hydroxyls, as in the respective homoionic clays (~ussell and Farmer, 1964) .
This investigation illustrates once more the marked effect of the adsorption procedure on the preferential status of the adsorbed species : EDAH § and EDA associated through hydrogen-bonding when the amine was added to the aqueous suspension, EDA co-ordinated to the exchangeable cation (especially Ca 2 § and Mg 1+) and physically adsorbed when the clay films were equilibrated with EDA vapor. This is not so surprising if it is considered that in the first case EDA, existing already partially as EDAH § ion, was supplied in limited amounts to a wet system from which water was progressively removed by air-drying, while in the second case dehydrated clay was treated with a large excess of EDA vapor.
